We report on the theoretical study of laser-assisted attosecond photoemission from metals. The full timedependent quantum approach reveals the role of the resonant interband and nonresonant surface emission processes in formation of final atto-streaking spectra. The present results explain recent experimental data on magnesium and show that the valence band streaking essentially reflects the respective weight of surface and resonant bulk electron ejection. The development of attosecond laser pulses 1 allowed probing the ultrafast electron dynamics in various systems on the atomic time scale 2-4 (the atomic unit of time is about 24 as). In particular, the attosecond streaking spectroscopy (ASS) [5] [6] [7] has enabled observation of the decay of an inner-shell vacancy in isolated atoms 8 and determination of the delay in electron photoemission.
We report on the theoretical study of laser-assisted attosecond photoemission from metals. The full timedependent quantum approach reveals the role of the resonant interband and nonresonant surface emission processes in formation of final atto-streaking spectra. The present results explain recent experimental data on magnesium and show that the valence band streaking essentially reflects the respective weight of surface and resonant bulk electron ejection. The development of attosecond laser pulses 1 allowed probing the ultrafast electron dynamics in various systems on the atomic time scale [2] [3] [4] (the atomic unit of time is about 24 as). In particular, the attosecond streaking spectroscopy (ASS) [5] [6] [7] has enabled observation of the decay of an inner-shell vacancy in isolated atoms 8 and determination of the delay in electron photoemission. [9] [10] [11] The ASS technique is based on combination of inherently synchronized powerful nearinfrared (NIR) pulse and the attosecond extreme-ultraviolet (XUV) pulse. The time of the electron ejection from the target by XUV photons is transposed by the NIR field into the electron energy spectrum.
While spectacular progress has been reached in the gas phase, only a few experimental ASS studies have been performed so far for solids. 12, 13 This is despite that a wealth of many-body processes in solids evolve on the attosecond time scale and can be a priori addressed. [14] [15] [16] [17] [18] [19] The first experimental application of ASS to the W(110) metal surface 12 has shown that the electrons photoexcited from delocalized valence band (VB) states are ejected approximately 100 as prior to those from localized 4f states (LS). This finding was reproduced in a number of theoretical studies. 12, [20] [21] [22] However, complex band structure and screening properties of tungsten 12, 21, 23, 24 resulted in substantially different model descriptions of the atto-streaking experiment so that the interpretation of the results is controversial.
In this respect a very recent ASS experiment 13 on Mg(0001) allows approaching experimental and theoretical objects of study. Indeed, magnesium is a prototype of a free-electron metal; [25] [26] [27] i.e., the model used in full quantum treatments 20, 22, 28 should apply. For the free-electron metal the screening of the NIR field develops within the surface layer. 29 Then, for the LS photoemission, the overall time delay between electron ejection from the 2p core orbital of Mg and electron entrance into the streaking field above the surface is τ ≈ λ/v, where v is the free-electron speed. The inelastic mean-free path (MFP) λ is of order one to two lattice constants in the relevant energy range. As to the VB emission, the quantum results 20, 28 have shown that the corresponding electrons are excited at the surface and quasi-instantaneously enter the streaking field. Thus, similar to W(110), the LS/VB emission delay should be typically in 100 as range. This is in sheer contrast with experiment on Mg(0001) showing negligible time delay between the LS and the VB electrons consistent with the bulk origin of both. 13 In this work we lift the contradiction between the calculations and experiment on Mg. Our study bridges conventional theory of photoemission 30 and dynamics of attosecond electron ejection from solids. We show that the time delay in VB electron ejection from solids is determined by two simultaneous contributions to the ionization yield: the nonresonant surface emission and bulk emission due the resonant interband transitions at fixed Bloch momentum of the electron k. We reproduce the experimental data on Mg and explain the difference between the experimental results on Mg and W.
We address the experimental case of the photoemission along the surface normal 12, 13 and thus consider a 1D model of Mg(0001) with potential depending only on the coordinate z perpendicular to the surface. The details of the calculation of the streaking spectra from metals are given elsewhere, 20 so we only discuss the aspects specific for the present study. In brief, the time-dependent Schrödinger equation for the electron wave packet (z,t) ejected from initial state i (z) is formulated in the rotating wave approximation for the weak XUV pulse (atomic units are used unless otherwise stated)
Equation (1) is directly solved on the equidistant mesh in real space. X is the carrier frequency of the XUV pulse, and E i is the energy of the initial state. The last term describes interaction of the initial state with XUV pulse in velocity gauge so that the Fourier grid pseudospectral technique 31 can be implemented for time propagation. We use a Gaussian envelope of the vector potential A X (t) corresponding to the XUV pulse duration of 750 as, similar results have been obtained with 435 as XUV pulse. The L (z,t) describes the NIR pulse treated in the length gauge to allow for a numerically efficient account of the IR screening below the surface image plane. The frequency of the 10 fs NIR pulse is set to 1.6 eV, 
is the Hamiltonian of the electron-metal system without laser fields. The absorbing potential iγ (z) accounts for the inelastic effects in the bulk. For the ejection of the LS 2p electron the interaction between the electron and the core hole V e−h (z) is given by the screened Yukawa potential. This term is not present for the VB emission. The most relevant for the present discussion is the choice of the potential U (z) for electron-metal interaction. For the periodic potential inside the solid the one-electron optical transitions are only possible under preservation of the electron Bloch momentum k z . 30 For the delocalized VB states one then expects (i) an emission from the surface region, where the periodicity is broken and the potential changes from the metal to the vacuum one; (ii) an emission from the inside bulk via the resonant interband transition, where an initial state with energy E i (k z ) is coupled to the final state with energy Fig. 1 the resonant processes correspond to the vertical transitions shown with arrows.
To shed light on the role of surface and resonant bulk emission of the VB electrons in the final streaking spectra, we have performed calculations with two model potentials U 1,2 (z) shown in Fig. 1 . First, U 1 (z) is the analytical potential derived by Chulkov et al. 32 in such a way that the projected band structure of Mg(0001) is well reproduced: band gap extending from −1.7 to −1 eV, and surface state at −1.5 eV with respect to the Fermi level [the work function of Mg(0001) is 3.66 eV]. 32 Essentially, the −1/4z image potential tail in vacuum is joined smoothly with periodic cos(2πz/a) function in the bulk. The second potential U 2 (z) mimics the orthogonality constraint with respect to the core electrons. It is constructed from U 1 (z) by adding an α exp[−(z − z n ) 2 /(0.12a) 2 ] (α = 3 eV) term at each atomic plane located at z n . Correction is then applied such that zero and first harmonics of U 2 (z) are equal to that of U 1 (z). Thus, the projected band structures obtained with both potentials are nearly the same (see Fig. 1 ).
We have first calculated the initial state resolved photoemission from the 110 layers thick Mg(0001) slab by X = 125 eV XUV pulse incident at time t = 0. For transparent discussion of the role of different emission regimes, the absorbing optical γ (z) and the NIR field are set to zero. The signal | (z d ,t)| 2 obtained on the "detector" located at z d = 240a 0 above the surface is shown in Fig. 2 as a function of time and the energy E i of the initial occupied VB state subjected to photoionization. The energies E i span the interval from the bottom of the VB to the Fermi level so that all occupied VB states have been considered.
The results obtained with two model potentials are drastically different. This is because the U 2 (z) potential contains enough high harmonics to trigger noticeable resonant interband transition in agreement with synchrotron photoemission studies of Mg(0001) 25 while the U 1 (z) potential is too soft. In the U 1 (z) case the electrons are preferentially ejected by the nonresonant process from the surfaces of the metal slab. The difference of the arrival time is given by the slab thickness. Photoemission from the surface states appears as bright spots at −5.2 eV. In the U 2 (z) case the signal is dominated by the resonant contributions with electrons coming from the metal bulk due to the resonant process. In this case, the entire slab appears as a source for electron emission. The two resonances correspond to transitions from the occupied (0) and partially occupied (G) band to the (−2G) band of the excited states as shown in Fig. 1 . The E i width of the resonances reflects the finite duration of the XUV pulse.
Thus, the resonant interband process leads to VB electron emission from inside metal similar to the LS electron emission. The relative delay in VB and LS streaking can be then estimated from
where λ LS (λ VB ) is the mean free path 33 of the electron ejected from LS (VB), τ LS (τ VB ) is the LS (VB) emission delay, E LS (E VB ) is the corresponding final-state energy, and P stands for the weight of the surface emission in the VB signal. Here we assume that the electrons ejected from the surface enter the streaking field without delay. For P = 0 (interband transition only) Eq. (3) leads to τ LS ≈ τ VB ≈ 85 as and ≈ 0 in conditions of Mg(0001) experiment as has been pointed out in Ref. 13 .
Full numerical treatment of the VB and LS streaking confirms the importance of the resonant process for the extracted photoemission delay. In Fig. 3(a) we show the typical streaking spectra of the VB emission obtained by summing contributions from all possible initial states. The center of energy (COE) of the streaking spectra is then used to define the relative delay between LS 2p and VB electrons. 13, 20 The final results for obtained including the resonant process are shown in Fig. 3(b) as a function of the energy of XUV photons X . We obtained that τ LS is nearly constant over the studied X range. Therefore the variation of the relative delay is due to the variation of the VB emission delay τ VB . For 110 X 120 eV the bulk emission proceeds via the (0):(−2G) resonance (see Fig. 1 ). The 2p electrons are delayed from the VB electrons by ≈ 16 as. Thus, the theoretical result agrees with reported experimental value of 5 ± 20 as. 13 Calculations performed with U 1 (z) model potential give ≈ 60 as roughly consistent with Eq. (3) for P = 1. This result is also consistent with early theoretical treatments performed with soft potentials not allowing for noticeable interband transitions. 20, 22, 28 The weight of the resonant contribution in the VB signal obtained with the U 2 (z) potential can be estimated from Eq. (3) as 1 − P ≈ 0.8. The steeper potential inside the solid would increase the weight of the resonant process and so decrease . However, the purpose of the present work is not fitting the experimental data, but revealing the robust physical mechanisms determining the measured relative time delay. For X above 140 eV the resonant excitation proceeds via the (0):(3G) transition. It requires the 3G reciprocal lattice vector exchange so that the dipole transition matrix elements are reduced. Consequently, the weight of the volume emission with respect to the surface one is reduced. The relative delay increases to ≈ 30 as consistent with simple model given by Eq. (3). The XUV energy region between 125 and 140 eV corresponds to the resonance close to the Brillouin zone boundary. This specific case is analyzed with the help of Fig. 4 . Panel (a) shows the signal on the detector placed in front of the Mg(0001) slab as a function of the energy of the initial occupied state which is photoexcited. (For details see Fig. 2 and related discussion.) Calculation is performed for X = 130 eV, γ (z) = 0, and no NIR field. The two resonances across the projected band gap in the initial state correspond to (0):(−2G) and (G):(−2G) transitions. Close to the band gap, the initial state is repelled from the surface into the metal showing the | sin(πzn/L)| 2 dependence with L being the slab thickness, and n = 1,2,3, . . .. 34 This is particularly well observed for the upper resonance. When the MFP effect is included in the calculations, only the electrons ejected close to the surface can escape into vacuum. The weight of the nonresonant surface emission increases and the upper resonance is suppressed. Finally, in panel (c) we show the relative delay between the emission from the LS 2p and from different occupied VB states. Results are shown as function of the energy of the latter, and have been calculated from the individual streaking curves for each initial state. The nonresonant surface emission at low energies appears 80 as before the LS. As to the resonance contribution, it can be retarded from the LS by up to 260 as. Thus, the initial-state localization inside the metal results in substantial delay in the electron arrival on the detector at resonance 23 as can be also perceived in panel (b). This is not the mean-free path, but the initial-state effect, so Eq. (3) does not apply. The final result for is basically the sum of the data in Fig. 4(c) weighted by the respective contribution of the initial states to photoemission current [ Fig. 4(b) ]. Interestingly, is as small as 9 as for X = 130 eV showing compensation of the large numbers in present case.
In conclusion, the present study reveals the role of nonresonant and resonant processes in forming the delay observed in attosecond time-resolved photoemission from LS and VB states of a metal. We have shown that the nonresonant VB electron ejection at the surface is always present. It produces electrons which come well before the LS electrons. Along with surface emission, the periodic structure of the potentials inside the metal bulk leads to the VB electron ejection via resonant interband transition. Corresponding electrons that reach the surface are excited within the distance range given by the inelastic MFP. Their arrival at the surface can be retarded or advanced with respect to LS electrons. The overall time delay between VB and LS states obtained in the atto-streaking experiment is given by the interplay between surface and resonant VB emission. Thus, for W(110) the VB electrons advance the LS electrons by ≈100 as as measured in Ref. 12 at X ≈ 90 eV. This appears consistent with the strong surface-state contribution to the VB photoemission at 100 eV photon energies. 24, 35 If the resonant process is dominating, the VB/LS delay can be much smaller, in the 10-20 as range, as calculated here for Mg(0001) in accordance with the experimental observations. 13 In addition, we have shown that a very particular situation with large and rapidly varying relative VB/LS delay can be encountered for the XUV energies when the resonance is close to Brillouin zone boundary of the projected band structure.
